Recently, fluorescence imaging using indocyanine green (ICG) has been applied to hepatobiliary surgery, not only to visualize the bile ducts, but also to identify liver cancer during surgery. In this technique, ICG is administered intravenously at a dose of 0.5 mg/kg body weight for routine liver function testing before surgery. Intraoperatively, liver cancer can be readily identified by fluorescence imaging on the liver surface before resection and on the cut surface of the resected specimen. This is achieved by visualizing fluorescence from the area of impaired bile excretion in hepatocellular cancer tissue and in the liver parenchyma surrounding metastatic liver cancers. Liver cancer navigation surgery, first developed in Japan, is also possible, and it represents one of the few fluorescence imaging techniques for cancer that have reached the stage of clinical application; with further developments in basic research, fluorescence imaging is expected to become an indispensable technique for the diagnosis and treatment of liver cancer.
Introduction
Attempts have long been made to label cancer tissues with fluorescent probes and visualize them in real time during endoscopic examinations or surgical treatment, and fluorescence imaging remains one of the most active key areas of research. However, few techniques have progressed to clinical use, despite the enormous amount of basic research being published. Applications other than the intraoperative imaging of liver cancer with indocyanine green (ICG) [1, 2] are limited to the diagnosis of brain tumors (glioblastomas) [3] , bladder cancer [4] , and skin tumors [5] and photodynamic therapy using the porphyrin precursor 5-aminolevulinic acid. Herein, we review the historical development and mechanism of liver cancer visualization using ICG fluorescence imaging.
Outline of Surgical Navigation with ICG

Principle of ICG Fluorescence Imaging
When protein-bound ICG is exposed to excitation light at 750-810 nm, it emits fluorescence that peaks at about 840 nm [6] . Because this wavelength is barely absorbed by hemoglobin or water, structures that contain ICG can be visualized through 5-10 mm of tissue by combined use of a camera that is sensitive to infrared light and an appropriate filter (the ICG fluorescence imaging technique). These properties are optimal for performing contrast studies of vascular structures, and in the early 1990s, ICG fluorescence imaging was applied clinically to fundus angiography in the field of ophthalmology [7] . However, probably because ICG was widely adopted as a reagent for measuring cardiac output or measuring liver function, little attention was paid to ICG's fluorescence properties in the fields of thoracic surgery or general surgery, and there have been few attempts to apply it to surgical navigation.
Application to Surgical Navigation
At the beginning of the 21st century, several surgical navigation techniques utilizing the fluorescence properties of ICG were developed in rapid succession. Coronary arteriography during cardiac bypass surgery using ICG fluorescence imaging was developed first [8] . Then, the fluorescence properties of ICG were applied to lymphangiography [9] and the identification of sentinel nodes during breast cancer resections [10] ; at present, its application has expanded to cholangiography during hepatobiliary surgery [11] [12] [13] and to evaluations of the blood flow after the clipping of cerebral arterial aneurysms [14] .
One of these applications, the identification of breast cancer sentinel nodes, was the first application of ICG fluorescence imaging to the surgical treatment of cancer. However, this method visualizes lymphatic drainage routes from the cancer tissue and allows searches for lymph nodes, but does not allow visualization of the ICG that has been taken up specifically by cancer tissues. The nature of fluorescence imaging of hepatocellular carcinoma (HCC) [1, 2] , which was first described in Japan in 2009, is very different from that of other techniques: it allows visualization of the HCC itself by fluorescence imaging of the ICG that is taken up and remains in the cancer tissues as a result of biliary excretion disorders. This gives high lesion-to-background contrast [median (range), 2.6 (0.6-16.6) fold, unpublished data] for well-or moderately differentiated HCC, which is higher than that for other kinds of cancer tissues (up to 2 fold) [15, 16] .
Liver cancer imaging by the ICG fluorescence imaging technique was patented by a group at the University of Rochester (US) in 2008 (WO 2008/043101 A2), although there have been no detailed reports in respect of such liver cancer imaging, except for a recent article on the application of this technique to robotic surgery for identification of renal cancer [17] . Based on a reading of the patent details, their method probably utilizes the difference in hemodynamics between liver cancer tissue and the surrounding liver tissue, which is different from the Japanese technique that is based on impaired biliary excretion in HCC tissues.
Development of Liver Cancer Imaging Using ICG
Discovery of Fluorescence Imaging of Liver Cancer
The authors originally developed a cholangiographic method based on ICG fluorescence imaging [13, 14] . During the process of that development, we noticed that tumors on the liver surface emitted their own fluorescence even before ICG was injected into the bile duct for cholangiography. All patients in our department are administered ICG intravenously to measure the ICG retention rate at 15 min as a routine preoperative liver function test [18, 19] . Thus, it was assumed that the intraoperative visualization of liver cancer by ICG fluorescence imaging must have been because the ICG that had been injected intravenously prior to the surgery had remained in the liver cancer or surrounding liver tissues. A prospective clinical study was immediately initiated, and the follow-up results for 63 HCCs (37 cases) and 28 metastatic liver nodules from colorectal cancer (12 cases) were reported in 2009 [1] . At the same time, Gotoh et al. reported the results of ICG fluorescence imaging of 14 HCCs (10 cases) that included 4 nodules first discovered by this technique [2] . Yokoyama et al. recently added a report on the possibility of applying ICG fluorescence imaging to the intraoperative diagnosis of micrometastases of pancreatic cancer [20] .
Mechanism of Fluorescence Imaging of Liver Cancer
In the authors' study, well-differentiated HCC tissue exhibited intense fluorescence on the cut surface of surgically resected liver specimens, whereas for poorly differentiated HCC and metastases of colorectal cancer, the cancer tissue itself was not visualized, but the surrounding noncancerous tissues produced a ring of fluorescence ( fig. 1) [21] . Moreover, observations made with a fluorescence microscope confirmed the presence of ICG fluorescence in the cytoplasm and pseudoglands in well-differentiated HCCs; fluorescence was also seen in nontumorous liver tissues compressed by the tumor in cases of poorly differentiated HCCs and colorectal cancer metastases. Based on the above results, it is suggested that well-differentiated HCC tissues take up ICG, but the biliary excretion of ICG is impaired because of morphological or functional abnormalities. In contrast, poorly differentiated HCCs and metastatic liver cancers do not take up ICG, but they can be visualized by rings of flourescence resulting from impaired bile excretion in the surrounding nontumorous tissues compressed by the tumors. Consequently, well-differentiated HCCs, poorly differentiated HCCs, and metastatic liver cancers can all be visualized by ICG fluorescent imaging.
The existence of impaired bile excretion in HCC and in noncancerous tissues surrounding the cancer had been suggested by the results of magnetic resonance imaging with a bile-excreted contrast medium [22] . Moreover, Kitao et al. demonstrated reduced expression of organic anion transporting polypeptide 8, which is involved in the cellular uptake of contrast media, in poorly differentiated HCC compared with that in well-differentiated HCC [23] , and the differences between the enhancement patterns of well-and poorly differentiated HCC by ICG fluorescence imaging may also be attributable to a similar mechanism. In addition, through approaches utilizing immunostaining and gene expression analyses, it is hoped that progress will be made in elucidating the mechanism of liver cancer imaging by ICG fluorescence imaging using a recently developed fluorescence endomicroscopy system [24] and in making real-time observations of the pharmacokinetics of ICG in liver cancers and the surrounding tissues.
Techniques and Precautions for ICG Fluorescence Imaging of Liver Cancer
The technique of ICG fluorescence imaging of liver cancer is very simple: once ICG (0.5 mg/kg body weight) is administered within 14 days prior to surgery, we can obtain fluorescence images of liver cancers intraoperatively by simply placing the camera imaging head of commercially available fluorescence imaging systems on the liver surface or on surgical specimens ( fig. 2) [1, 21] . In patients with bile duct infiltrations of liver cancer, fluorescence imaging is also possible for biliary congested regions on the liver surface, which may be helpful for surgeons in determining the hepatic transection line [25] .
It should be noted that if ICG is injected intravenously on the day before surgery, washout from the noncancerous liver tissue is inadequate and there may be many false-positive nodules; the poorer the liver function is, the more marked this tendency is. Further studies are needed to determine the optimal interval between ICG injection and surgery on the basis of the patient's liver function. Moreover, this technique does not use an antigen-antibody reaction that is specific for cancer, it just allows visualization of the areas of impaired bile excretion in or around the tumor tissues; consequently, benign lesions such as regenerating nodules or bile duct proliferation may also exhibit fluorescence. Previous reports have indicated that 40-50% of the lesions newly discovered by fluorescence imaging of resected HCC specimens were noncancerous lesions [1, 2] . Thus, the principal role of this method lies in intraoperatively searching for small liver cancers near the liver surface that were detected by preoperative imaging studies; any additional resection of fluorescent areas that are newly discovered intraoperatively by the ICG fluorescence imaging technique should be considered only after they have been adequately confirmed by inspection and palpation and/or by an intraoperative ultrasound examination. 
Problems with the ICG Fluorescence Imaging Technique and Future Prospects
Problems with ICG Fluorescence Liver Cancer Imaging ICG fluorescence imaging has the advantage of being a phenomenon that is easy to understand -there is fluorescence where there is bile -and of being simple and highly sensitive; however, because it identifies liver cancer by visualizing impaired biliary excretion of ICG, it may be less specific than pre-clinical fluorescence imaging techniques using a cancer-specific antibody. Moreover, since the tissue penetration of the fluorescence emitted by ICG is only about 5-10 mm, it is impossible to visualize tumors located deep within the liver. Although ICG fluorescence imaging is already a sufficiently practical technique for hepatic surgeons, it is important to understand the characteristics of the technique and to utilize it in a complementary manner with inspection and palpation or an intraoperative ultrasound examination.
New Techniques Likely To Be Developed for the Clinical Setting
If the development progresses satisfactorily of a novel fluorescent probe [26] that is excreted in the bile by the same route as ICG and whose tissue penetration is superior to that of ICG, then the sensitivity of imaging for liver cancer with this technique may improve. Moreover, if ICG can be modified with a cancer-specific antibody or other tracer [27] , it might not only be possible to use it for surgical navigation, but it may evolve into a new preoperative imaging technique that simultaneously allows tumor diagnosis and localization, evaluation of the segmental liver function. In particular, photodynamic therapy for cancer using a compound consisting of a tumor-specific antibody and a photosensitive substance has recently attracted much attention [28] . Since ICG is also a photosensitive substance, a novel photodynamic therapy that takes advantage of this property of ICG and its accumulation in liver cancer may be possible.
It is also essential to improve the performance of imaging devices. It is already possible to simultaneously acquire color images and fluorescence images [29, 30] and to add an infrared observation system to laparoscopic surgery systems [13, 31, 32] and to a robotic surgery system [17] . If it becomes possible to visualize ICG fluorescence that is emitted from deeper regions, this would contribute to further improvement of the accuracy of resection for liver cancer.
Conclusions
ICG fluorescence imaging is quite a simple technique that enables highly sensitive identification of liver cancers in real time during surgery. This technique is also valuable from the standpoint of being one of the few fluorescence imaging techniques for cancer that have reached clinical application. Further basic research should result in innovative techniques in the near future, and this technique may evolve to play a major clinical role in the diagnosis and treatment of liver cancer. 
